ICHEP 2014 Summary: Theory Status after the First LHC Run by Pich, Antonio
Nuclear Physics B Proceedings Supplement 00 (2018) 1–10
Nuclear Physics B
Proceedings
Supplement
ICHEP 2014 Summary: Theory Status after the First LHC Run
Antonio Pich
IFIC, Universitat de Vale`ncia – CSIC, Apt. Correus 22085, E-46071 Vale`ncia, Spain
Abstract
A brief overview of the main highlights discussed at ICHEP 2014 is presented. The experimental data confirm that
the scalar boson discovered at the LHC couples to other particles as predicted in the Standard Model. This consti-
tutes a great success of the present theoretical paradigm, which has been confirmed as the correct description at the
electroweak scale. At the same time, the negative searches for signals of new phenomena tightly constrain many new-
physics scenarios, challenging previous theoretical wisdom and opening new perspectives in fundamental physics.
Fresh ideas are needed to face the many pending questions unanswered within the Standard Model framework.
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1. Introduction
The large number of results discussed at this con-
ference exhibit an overwhelming success of the Stan-
dard Model (SM). Combined with all previous preci-
sion tests, the first LHC run has finally established the
whole SM framework as the true theory of the elec-
troweak interactions at the experimentally accessible
energy scales. The new boson discovered at 125 GeV
[1, 2] behaves indeed as the expected SM scalar and its
mass fixes the last free parameter of the Lagrangian.
At the same time, all LHC searches for exotic objects
have given negative results, pushing the scale of new
physics well above the TeV and putting in trouble the
most fashionable theoretical scenarios for physics be-
yond the SM. Many models are either already ruled out
or its surviving parameter space is no-longer appropriate
to address the physics problems they were supposed to
solve. Clearly, the LHC constraints should imply major
changes in our theoretical guidelines/prejudices when
searching for new-physics explanations to the many
open questions that the SM leaves unanswered.
The following sections briefly summarize the present
status, emphasizing those aspects more closely related
to the recent experimental developments.
2. Precision QCD
The success of the experimental LHC program relies
to a large extent in the existence of precise theoretical
predictions for the relevant signals and the many QCD
backgrounds. The last few years have witnessed an im-
pressive progress in the theoretical accuracy, with many
perturbative calculations reaching already the next-to-
next-to-leading order (NNLO) plus re-summation of
leading logarithms (LL) at the NNLL [3, 4]. The on-
going effort towards NkLO accuracy [5] is comple-
mented by a corresponding improvement of the parton
distribution functions, updated Monte Carlo generators
with appropriate matching of matrix elements and par-
ton showering, and more efficient tools to address multi-
particle interactions at higher orders. The measurement
of many different cross sections [6–8], spanning a broad
range from 10−3 to 106 pb and in remarkable agreement
with their predicted SM values, provides a very signifi-
cant validation of the adopted theoretical framework.
QCD has been beautifully tested, verifying at the
four-loop level the running of its unique coupling over
all accesible energies, from the τ mass [9] to the high-
est momentum scales reached at colliders [10, 11]. Al-
though several new determinations of the strong cou-
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pling have been recently included in the world average,
its final value remains stable [12, 13]:
αs(M2Z) = 0.1185 ± 0.0006 . (1)
The lattice result, which has the smallest assigned un-
certainty, is now reinforced with contributions from sev-
eral groups. The lattice average agrees with the average
of all other results, but it largely determines the final er-
ror. Recent lattice simulations provide also more precise
values of the u, d, s, c and b quark masses [14, 15].
At low energies, the confining nature of the QCD
forces makes more difficult to perform accurate pre-
dictions. Nevertheless, the combined use of effective
field theory tools, largely based on symmetry consid-
erations, and lattice simulations in powerful computer
mainframes has made possible to achieve an impressive
progress in recent years [15]. This is, however, not yet
enough to quantitatively understand the wealth of new
exotic states which have been experimentally identified
in the heavy-quark spectroscopy [16, 17].
The LHC experiments are collecting a rich harvest of
heavy-ion collisions, complementing at higher energies
the successful RHIC studies. Beautiful signals of jet
quenching, screening (J/Ψ, Υ) and regeneration (J/Ψ)
have been obtained [18]. Moreover, there is now clear
evidence for collective phenomena in proton-lead colli-
sions also. A standard picture of high-energy heavy-ion
collisions is emerging where relativistic hydrodynamics
seems to play a prominent role, the quark-gluon plasma
behaving as a near-perfect relativistic fluid [19].
Promising developments are also arising from the
more formal investigations of conformal field theories
(CFT), strings, dualities, etc. [20]. The large sym-
metries present in supersymmetric Yang-Mills theories
make easier to obtain results, from which one hopes
to learn something about the much more difficult QCD
case. AdS/CFT ideas are already being applied to
heavy-ion and condense-matter physics. Moreover, they
are changing the way one looks at gravity with the emer-
gence of space out of quantum mechanics through the
holography concept. Last but not least, intricate mathe-
matics are being uncovered (twistor diagrams, on-shell
recursion relations, permutations and Yangian symme-
try, etc.), which should help to understand the astonish-
ing simplicity of many results, obtained through compli-
cated perturbative calculations with Feynman diagrams,
pointing the way to more efficient algorithms.
3. The Heaviest Mass Scale
The top quark is a very sensitive probe of the elec-
troweak symmetry breaking (EWSB), since it is the
heaviest fundamental particle within the SM frame-
work. Its Yukawa coupling is very close to one,
yt =
√
2
v
mt = 23/4G
1/2
F mt ≈ 1 . (2)
Therefore, virtual top contributions dominate the elec-
troweak quantum corrections in many relevant observ-
ables. The large value of mt makes the top very different
from all other quarks (yb ≈ 0.025, yc ≈ 0.007  ys,d,u).
One could then wonder whether it is really a genuine
SM particle. If some (non-perturbative) strong dynam-
ics is responsible for the EWSB, the top should obvi-
ously be directly linked to it.
So far, we have only detected top quarks through their
decay mode t → W+b, because the top couplings to the
lighter quark generations are very small. The measured
single-top production cross section implies [21, 22]:
|Vtb| > 0.92 (95% CL). (3)
The existence of a small discrepancy between the
measured forward-backward asymmetry in tt¯ produc-
tion at the Tevatron and the SM prediction [23] has
triggered many suggestions for new-physics explana-
tions. Additional higher-order corrections are found to
be small and there is good agreement in the theoreti-
cal SM result. However, the most recent measurements,
based on the full data samples, significantly lower the
discrepancy, particularly at D0 [24, 25] where they are
now consistent with the SM. In pp collisions one mea-
sures a corresponding charge asymmetry, arising from
the annihilation of valence quarks with sea antiquarks.
The LHC data is in good agreement with the SM.
The collider measurements of the top mass are getting
quite accurate [7, 25, 26]. The last world combination
has a precision of 0.44% [27]:
mMCt = (173.34 ± 0.76) GeV . (4)
However, this value is obtained from a kinematical re-
construction of the top decay products and refers to the
mass parameter implemented in the Monte Carlo simu-
lations. Its relation with a well-defined QCD mass in a
given renormalization scheme is still unclear. In most
precision electroweak tests where mt is needed as input,
the result (4) is identified with the so-called pole mass,
the pole of the perturbative quark propagator, which
would correspond to the on-shell mass of a free fermion.
Confinement implies that this is a badly defined quantity
and the uncertainty associated with this naive assump-
tion is controversial. The most recent studies estimate
an additional theoretical uncertainty from this source of
the order of 1 GeV [4, 28, 29].
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A well-defined top mass can be obtained from the tt¯
production cross section, which has been theoretically
computed to NNLO + NNLL accuracy [4]. The present
Tevatron and LHC determinations are consistent with
Eq. (4) but have much larger uncertainties. The most
precise result so far has been obtained by ATLAS [30]:
mpolet = (172.9
+ 2.5
− 2.6) GeV . (5)
Different methods to improve the sensitivity are being
suggested [29, 31–33], and a precision of 1 GeV seems
possible at the LHC. A further order of magnitude im-
provement would require to measure σ(e+e− → tt¯) in
the threshold region, at future e+e− colliders.
4. A New Higgs-like Boson
The new boson discovered at the LHC complies with
the expected behaviour, with a spin/parity consistent
with the SM 0+ assignment [25, 34, 35]. The obser-
vation of its 2γ decay mode demonstrates that it is a
boson with J , 1, while the JP = 0− and 2± hypotheses
are already excluded at confidence levels above 99%.
The masses measured by ATLAS and CMS are in good
agreement, giving the average value [36]
MH = (125.09 ± 0.24) GeV . (6)
An important question to address is whether H cor-
responds to the unique scalar boson incorporated in the
SM, or it is just the first signal of a much richer scenario
of EWSB [37]. Obvious possibilities are an extended
scalar sector with additional fields or dynamical (non-
perturbative) EWSB generated by some new underly-
ing dynamics. Whatever the answer turns out to be, the
LHC finding represents a truly fundamental discovery
with far reaching implications. If it is an elementary
scalar (the first one), one would have established the ex-
istence of a bosonic field (interaction) which is not a
gauge force. If instead, it is a composite object, a com-
pletely new underlying interaction should exist.
A fundamental scalar requires some protection mech-
anism to stabilize its mass. If there is new physics at
some heavy scale ΛNP, quantum corrections could bring
the scalar mass MH to the new-physics scale ΛNP:
δM2H ∼
g2
(4pi)2
Λ2NP log (Λ
2
NP/M
2
H) . (7)
Which symmetry keeps MH away from ΛNP? Fermion
masses are protected by chiral symmetry, while gauge
symmetry protects the gauge boson masses; those par-
ticles are massless when the symmetry becomes exact.
Supersymmetry was originally advocated to protect the
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Figure 1: SM electroweak fit in the mt–MW plane, with (blue) and
without (gray) the Higgs mass, compared with the direct measure-
ments of the top and W masses (green) [42].
Higgs mass, but according to present data this no-longer
works ‘naturally’. Another possibility would be scale
symmetry, which in the SM is broken by the Higgs
mass; a naive dilaton is basically ruled out, but there
could be an underlying conformal theory at ΛNP. Dy-
namical EWSB with light pseudo-Goldstone particles at
low energies remains also a viable scenario. Future dis-
coveries at the LHC should bring a better understanding
of the correct dynamics above the electroweak scale.
4.1. SM EWSB Mechanism
The SM incorporates a complex scalar doublet Φ with
a non-trivial potential which triggers the wanted EWSB:
LΦ = (DµΦ)†DµΦ − λ
(
|Φ|2 − v
2
2
)2
. (8)
In the unitary gauge the three Goldstone fields give rise
to the longitudinal polarizations of the W± and Z, gen-
erating their masses through the derivative term in (8):
MW = MZ cos θW = gv/2. A massive scalar field H,
the Higgs boson, remains because Φ contains a fourth
degree of freedom, which is not needed for the EWSB
[38–41]. The scalar doublet structure provides a renor-
malizable model with good unitarity properties.
While the vacuum expectation value (the electroweak
scale) was already known, v = (
√
2GF)−1/2 = 246 GeV,
the measured Higgs mass in Eq. (6) determines the last
free parameter of the SM, the quartic scalar coupling:
λ =
M2H
2v2
= 0.13 . (9)
The experimental value of MH is in beautiful agreement
with the expectations from global fits to precision elec-
troweak data [42, 43], shown in Fig. 1. Notice that the
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Figure 2: Evolution of λ(µ) with the renormalization scale [44].
green vertical band in the figure assumes that mMCt in
Eq. (4) is the pole top mass.
Quantum corrections to M2H are dominated by contri-
butions from heavy top loops, which grow logarithmi-
cally with the renormalization scale µ:
M2H
2v2
≈ λ(µ)+ 2y
2
t
(4pi)2
[
λ + 3(y2t − λ) log (µ/mt)
]
. (10)
As expected, MH is brought close to the heaviest SM
mass mt = ytv/
√
2. Since the physical value of MH
is fixed, the tree-level contribution 2v2λ(µ) decreases
with increasing µ. Fig. 2 shows the evolution of λ(µ)
up to the Planck scale (MPl = 1.2 × 1019 GeV), at
the NNLO, varying mt, αs(M2Z) and MH by ±3σ [44].
The quartic coupling remains weak in the entire en-
ergy domain below MPl and crosses λ = 0 at very high
energies, around 1010 GeV. The values of MH and mt
are very close to those needed for absolute stability of
the potential (λ > 0) up to MPl, which would require
MH > (129.6±1.5) GeV [44] (±5.6 GeV with more con-
servative errors on mt [45]). Even if λ becomes slightly
negative at very high energies, the resulting potential in-
stability leads to an electroweak vacuum lifetime much
larger than any relevant astrophysical or cosmological
scale. Thus, the measured Higgs and top masses result
in a metastable vacuum [44] and the SM could be valid
up to MPl. The possibility of some new-physics thresh-
old at scales Λ ∼ MPl, leading to the matching condition
λ(Λ) = 0, is obviously intriguing.
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Figure 3: Higgs couplings to different particles [47].
4.2. Higgs Couplings
The new scalar appears to couple to the fermions and
gauge bosons (W±, Z, γ, Ga) with the strength expected
for the SM Higgs. The sensitivity to the different cou-
plings is increased disentangling the possible produc-
tion channels: gluon fusion (GG → tt¯ → H), vector-
boson fusion (VV → H, V = W,Z) and associated VH
or tt¯H production. At the LHC gluon-fusion domi-
nates, giving access to the top Yukawa. The measured
H production cross section confirms the existence of a
tt¯H coupling with the SM size. Moreover, it excludes
additional fermionic contributions to gluon-fusion pro-
duction; a fourth quark generation would increase the
cross section by a factor of nine, and much larger en-
hancements would result from exotic fermions in higher
colour representations, coupled to the Higgs [46].
The decay H → γγ occurs in the SM through inter-
mediate W+W− and tt¯ triangular loops, which interfere
destructively. Therefore, it is sensitive to new physics
contributions such as charged scalar loops. The LHC
data [47, 48] favour the SM sign for the top Yukawa
and strongly constrain any additional contributions be-
yond the SM. The tree-level decays H → W±∗W∓,Z∗Z
directly test the electroweak gauge couplings of the H
boson [47, 49, 50]. In addition, we have now strong ev-
idence for the H coupling to bb¯ and τ+τ− through the
corresponding fermionic decays [47, 51, 52].
The mass dependence of the H couplings has been
clearly verified by the data, as shown in Fig. 3. Fitting
the measured couplings with the parametrization [53]
y f =
√
2 (m f /M)1+ and (gHVV/2v)
1/2 = (MV/M)1+ ,
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Figure 4: Experimental constraints on the SM unitarity triangle [57].
one gets M ∈ [217, 279] GeV and  ∈ [−0.054, 0.100]
(95% CL) [47], in agreement with the SM values
(M, ) = (v, 0). Moreover, the 95% CL upper limit
Br(H → e+e−) < 1.9× 10−3 [47] confirms the predicted
suppression of the electronic coupling.
5. Flavour Physics
The fermion masses and mixings are all determined
by the Yukawa couplings, which are matrices in flavour
space. Their diagonalization leads to a three-generation
quark mixing matrix Vuid j , involving four measurable
parameters: three angles and one CP-violating phase.
While the SM does not provide any real understanding
of flavour, it accommodates all quark-flavour phenom-
ena studied so far [54, 55] through this unitary mixing
matrix with a characteristic hierarchical structure [56]:
V =

1− λ22 λ Aλ3(ρ−iη)
−λ 1− λ22 Aλ2
Aλ3(1−ρ−iη) −Aλ2 1
 + O(λ4) .
A global fit to flavour data gives λ = 0.22548 + 0.00068− 0.00034,
A = 0.810 + 0.018− 0.024, ρ¯ = 0.145
+ 0.013
− 0.007 and η¯ = 0.343
+ 0.011
− 0.012,
where ρ¯− iη¯ ≈ (1−λ2/2) (ρ− iη) [57]. This determi-
nation requires a good control of the strong interaction
in flavour-changing transitions and makes use of many
hadronic inputs obtained with lattice simulations or ef-
fective field theory tools [14].
The significance of the global fit is shown in Fig. 4,
which tests the unitarity relation (V†V)bd = 0, visual-
ized as a triangle in the complex plane (ρ¯, η¯) with its
sides divided by V∗cbVcd. In the absence of CP viola-
tion (η¯ = 0) the triangle would collapse into the real
axis. All experimental constraints agree nicely, confirm-
ing the triangular structure and determining precisely
its upper vertex (ρ¯, η¯). The test can be further refined,
considering only some subsets of data: tree-level tran-
sitions, loop processes, CP-conserving observables and
signals of CP violation. All four subsets determine inde-
pendently the same triangle, giving a solid consistency
check of the unitarity relation and a highly non-trivial
verification of the SM mechanism of CP violation.
The success of the SM description of flavour is deeply
rooted in the unitarity structure of Vuid j and the as-
sociated GIM mechanism [58] which guarantees the
absence of tree-level flavour-changing neutral currents
(FCNCs). The subtle SM cancelations suppressing
FCNC transitions would be easily destroyed in the pres-
ence of new physics contributions. Therefore, flavour
data provide very strong constraints on models with
additional sources of flavour symmetry breaking and
probe physics at energy scales not directly accessible
at accelerators. For instance, an effective ∆B = 2 inter-
action of the form
L∆B=2 = c
∆B=2
Λ2NP
(bLγµdL) (bLγµdL) , (11)
induced by new physics at the scale ΛNP, is tightly
constrained by the measured amount of B0–B¯0 mixing:
|c∆B=2/Λ2NP| < 2.3 × 10−6 TeV−2. A generic flavour
structure with c∆B=2 ∼ O(1) is ruled out at the TeV scale.
New physics at ΛNP ∼ 1 TeV would only become possi-
ble if c∆B=2 inherits the strong SM suppressions induced
by the GIM mechanism. This requirement can be satis-
fied assuming that the up and down Yukawa matrices
are the only sources of quark-flavour symmetry break-
ing (minimal flavour violation) [59].
5.1. Two-Higgs Doublet Models
The non-generic nature of the flavour structure be-
comes apparent if one considers two scalar doublets Φa,
which increases the number of quark Yukawas:
LY = −
2∑
a=1
{
Q¯′LY(a)d Φa d′R + Q¯′LY(a)u Φ˜a u′R
}
. (12)
Here, all fermionic fields are 3-dimensional flavour vec-
tors and Φ˜a ≡ iτ2 Φ∗a. The flavour matricesY(1)f andY(2)f
are in general unrelated and cannot be diagonalized si-
multaneously, generating dangerous FCNCs. Unless the
Yukawa couplings are very small or the scalar bosons
very heavy, a very specific flavour structure is required
[60]. The usually adopted solution imposes a discrete
Z2 symmetry to force one of the two Yukawa matrices
to be zero [61, 62]; this leads to five different models
with ‘natural flavour conservation’ (types I, II, X, Y and
inert) [63, 64]. A more general possibility is to impose
the alignment in flavour space of Y(1)f and Y(2)f (propor-
tional matrices) [65], which eliminates FCNCs at tree
level. Although quantum corrections generate a small
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Figure 5: Allowed 90% CL regions (yellow) of the yhq Yukawas (in SM
units), in the CP-conserving A2HDM, from a global fit of collider and
flavour data. The purple regions include additional constraints from
high-energy searches of the heavier neutral scalars H and A [67].
misalignment, the flavour symmetries of the aligned
two-Higgs doublet model (A2HDM) tightly constrain
the possible FCNC structures, keeping their effects well
below the present experimental bounds [65, 66].
Flavour alignment results in a very specific structure,
with all fermion-scalar interactions being proportional
to the corresponding fermion masses. The Yukawas are
fully characterized by three complex alignment parame-
ters ς f ( f = u, d, `), which introduce new sources of CP
violation. All Z2 models are recovered for particular real
values of these parameters (ς f = cot β or ς f = − tan β).
The A2HDM contains five physical scalars (h, H,
A and H±), leading to a rich collider phenomenology.
Fig. 5 shows the present constraints on the up-type and
down-type quark Yukawa couplings of the lightest CP-
even scalar h, assuming that it is the boson discovered
at 125 GeV and neglecting CP-violating effects [67].
5.2. Rare Decays
The SM GIM suppression of loop-induced rare de-
cays makes them a good testing ground for new-physics
effects. The dimuon decays of the B0 and B0s mesons
have been measured by CMS and LHCb [68]:
Br(B0s → µ+µ−) = (2.8 + 0.7− 0.6) × 10−9 ,
Br(B0 → µ+µ−) = (3.9 + 1.6− 1.4) × 10−10 , (13)
in good agreement with their predicted [69] SM values
(3.65±0.23)×10−9 and (1.06±0.09)×10−10, respectively.
These rates are sensitive to new-physics contributions
from extended scalar sectors [70].
A recent LHCb analysis of the angular distribution in
B0→K∗0(→Kpi) µ+µ− [71] finds a 3.7σ deviation from
the SM [72, 73] for a particular optimized observable
]4c/2 [GeV2q
0 5 10 15
5'P
-1
-0.5
0
0.5
1
preliminary
LHCb
SM from DHMV
Figure 6: Dilepton invariant-mass distribution of P′5 [71].
P′5, representing the interference between the longitudi-
nal and perpendicular K∗0 amplitudes, which has small
hadronic uncertainties. The tension appears in Fig. 6,
for dilepton invariant masses between 4 and 8 GeV2,
and suggests a sizeable negative shift in the Wilson co-
efficient of the effective operator O9 = (s¯LγµbL)( ¯`γµ`).
Another anomaly has shown up in B+ → K+`+`−,
where the ratio between produced muons and electrons
for dilepton invariant masses between 1 and 6 GeV2 is
found to be RK = 0.745+0.090−0.074 ± 0.036 [74], 2.6σ below
the SM expectation [75].
A different flavour anomaly has been found by BaBar
in the tree-level decays B¯→ D(∗)`−ν¯` [76], with a mea-
sured ratio between ` = τ and ` = µ, e events signifi-
cantly higher than the SM prediction (2.0 and 2.7σ for
D and D∗) [77, 78]. Another puzzling result is the like-
sign dimuon charge asymmetry measured by D0 [79],
which is 3.6σ above the expected SM prediction from
B0d,s mixing [25]. While more precise data is needed to
clarify the situation, all these signals show the potential
of flavour data to uncover new physics at higher scales.
5.3. Lepton-Flavour Violation
We have clear experimental evidence that neutrinos
are massive particles and there is mixing in the lepton
sector. The solar, atmospheric, accelerator and reac-
tor neutrino data lead to a consistent pattern of oscil-
lation parameters [12, 80–82]. The solar data deter-
mine ∆m221 ≡ m22 − m21 > 0, but the sign of ∆m231 is
not yet established and there can be two possibilities:
normal (m1 <m2 <m3) and inverted (m3 <m1 <m2) hi-
erarchy. The main recent advance is the determination
of a sizeable non-zero value of θ13, confirming the 3ν
mixing paradigm. A very precise value has been re-
ported by Daya Bay: sin2 2θ13 = 0.084±0.005 [83, 84].
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This increases the interest for a next-generation of
long-baseline neutrino experiments to measure the CP-
violating phase δCP and resolve the mass hierarchy.
The non-zero neutrino masses indicate new physics
beyond the SM. Singlet νR fields are an obvious pos-
sibility, allowing for right-handed Majorana masses of
arbitrary size which violate lepton number by two units.
A very large Majorana mass scale can explain the tiny
size of the observed neutrino masses through the well-
known see-saw mechanism [85–87]. Nevertheless, an
enlarged SM with 3 light νR fields has also been shown
to be a viable phenomenological scenario [88].
Taking only into account the known νL fields, we can
write the most general SU(3)C ⊗ SU(2)L ⊗U(1)Y invari-
ant Lagrangian. The SM is the unique answer with di-
mension four. The first contributions from new physics
appear through dimension-5 operators, and have also a
unique form which violates lepton number [89]:
∆L = − ci j
ΛNP
L¯i Φ˜ Φ˜t Lcj + h.c. , (14)
where Li denotes the i-flavoured lepton doublet and
Lci ≡ CL¯Ti . The EWSB generates a Majorana mass term
for the left-handed neutrinos with mi j = ci jv2/ΛNP. Tak-
ing mν & 0.05 eV, as suggested by atmospheric neutrino
data, one gets ΛNP/ci j . 1015 GeV, amazingly close to
the expected scale of Gran Unification.
With mνi , 0, the leptonic charged-current interac-
tions involve a flavour mixing matrix VL. The data on
neutrino oscillations imply the following 3σ CL ranges
for the magnitudes of the different VL entries [90]:
|VL| =
 0.801−0.845 0.514−0.580 0.137−0.1580.225−0.517 0.441−0.699 0.614−0.7930.246−0.529 0.464−0.713 0.590−0.776
 .
Therefore, the mixing among leptons appears to be very
different from the one in the quark sector.
The smallness of neutrino masses induces a strong
suppression of neutrinoless lepton-flavour-violating
transitions, which can be avoided in models with
sources of lepton-flavour violation (LFV) not related to
mνi . LFV processes have the potential to probe physics
at scales much higher than the TeV [59]. The LFV scale
can be constrained imposing the requirement of a vi-
able leptogenesis. Recent studies within different new-
physics scenarios find interesting correlations between
µ and τ LFV decays, with µ → eγ often expected to be
close to the present exclusion limit.
CMS has obtained the first bound on LFV in Higgs
decays: Br(H → µ±τ∓) < 1.51% (95% CL) [91]. This
improves by one order of magnitude the indirect con-
straints on the corresponding Higgs Yukawas from τ de-
cays [59, 92].
6. Searching for New Physics
Although the SM could be valid up to arbitrary high
scales, new dynamics should exist because we are lack-
ing a proper understanding of important physical facts,
such as the matter-antimatter asymmetry, the pattern of
flavour mixings and fermion masses, the nature of dark
matter or the accelerated expansion of the Universe.
However, the only signals of new physics detected so far
are the non-zero neutrino masses and a few (not yet sig-
nificant) flavour anomalies. All direct searches have re-
sulted in negative results, pushing the new-physics scale
beyond the reached experimental sensitivity [93, 94].
6.1. Desperately Seeking SUSY
Neither the Tevatron nor the LHC have found any
convincing evidence of supersymmetry (SUSY). Strong
lower bounds on the masses of SUSY partners have
been set, surpassing the TeV in many cases. Moreover,
the Higgs mass creates a clear tension, being heavier
than what was expected to be naturally accommodated
in the minimal SUSY model (MSSM):
M2h . M2Z cos2 2β (15)
+
3m4t
2pi2v2 sin2 β
log  M2t˜m2t
 + X2tM2t˜
1 − X2t12M2t˜
 ,
with M2t˜ = Mt˜1 Mt˜2 . Masses as heavy as 125 GeV can
only be reached in the decoupling regime (MA,t˜  MZ),
with maximal stop mixing Xt and tan β ≥ 10 [95].
Although improved calculations including higher-order
corrections allow for slightly larger values of Mh [96],
the situation looks bad in the usual constrained mod-
els (CMSSM, NUHM1, NUHM2, etc.) [97], where the
120 MSSM parameters are reduced to just a few (4 plus
1 sign in CMSSM). A global fit to the data is still pos-
sible with heavy SUSY masses (& 1 TeV), but only if
the muon anomalous magnetic moment is not included
in the fit, since the measured value of (g−2)µ [9, 98] can
no longer be explained [99].
With a larger set of 10 [100] or even 19–20 [101] free
parameters, the Phenomenological MSSM (pMSSM)
provides more flexibility and it is possible to find many
parameter sets which are consistent with the data. In
particular, compressing the SUSY spectrum, allows for
still undetected light sparticles [101].
Many SUSY variants (NMSSM, Split, High-Scale,
Stealth, 5D, Natural, Folded, Twin, etc.) have been ad-
vocated to conform with the present experimental situ-
ation [102]. While some of them can be theoretically
motivated (naturalness, dark matter, etc.), in most cases
this is a data-driven search, looking for mechanisms to
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hide and avoid the strong data constraints. SUSY ap-
pears to be badly broken which questions its possible
role in protecting the electroweak scale.
6.2. Looking into the Dark Side
Several astrophysical and cosmological evidences in-
dicate that dark matter (DM) is the dominant matter
component in our Universe, accounting for 26.8% of its
total energy budget [103, 104]. Weakly interacting mas-
sive particles (WIMPs) around the TeV scale are consid-
ered among the leading DM candidates, because they
would have the right annihilation cross section (WIMP
miracle) in the early Universe, after the thermal freeze-
out, to explain the present DM relic density. Very light
axion-like particles are also an alternative DM possibil-
ity. Sensitive searches for DM are performed by ob-
serving their annihilation (or decay) products (χ + χ →
SM + SM) in satellite [105] or γ-ray [106] experiments,
through their direct detection in earth-based detectors
(χ+ SM → χ+ SM) [107] or their production at high-
energy colliders (SM + SM→ χ + χ) [93].
Viable (neutral, cold and stable) DM candidates exist
in many models, especially those inhibiting their decay
through some symmetry, such as the lightest SUSY (R
parity) or little-Higgs T-odd particles, or a Z2-odd scalar
in the inert two-Higgs doublet model. The experimen-
tal bounds on DM cross sections strongly constrain the
parameter space of these models [102, 108].
DM could also be associated with a hidden sector,
i.e. new particles that are singlets under the SM gauge
group, which could be accessible through their cou-
plings with SM singlet operators. For instance, the op-
erator L¯iΦ˜ could couple to new neutral singlet fermions
(neutrino portal) [109], and a new Abelian gauge field
strength F′µν could be detected [110] through its mixing
with the SM U(1)Y field (vector portal: F′µνF
µν
Y ). The
square of the Higgs field, Φ†Φ, provides now a very in-
teresting scalar portal to be explored, coupling either to
new singlet scalars (S , S 2) or fermion bilinears (ψ¯ψ).
6.3. Far-Away Messengers and Cosmology
Ultrahigh-energy cosmic [105, 111] and γ [106] rays,
and neutrinos [112], bring information from very dis-
tant astrophysical sources, while cosmology data sheds
light into the origin, evolution and large-scale struc-
ture of the Universe. The most recent Planck data
[103], based on the full-mission observations of the cos-
mic microwave background temperature and polariza-
tion anisotropies, are in excellent agreement with the
standard 6-parameter ΛCDM cosmology with a power-
law spectrum of adiabatic scalar perturbations. Our
Universe appears to be spatially flat to an accuracy of
0.5% [103]:
Ωtot = 1.000 ± 0.005 . (16)
Cosmology provides also precious information on
the absolute neutrino mass scale. The combination
of Planck temperature data with measurements of the
baryon acoustic oscillation angular scale gives the 95%
CL upper bound [109, 113]∑
i
mνi < 0.23 eV . (17)
A controversial highlight at ICHEP 2014 [104, 114]
was the BICEP2 observation of a large B-mode polar-
ization anisotropy, which was suggested to be a signal
of inflationary gravitational waves [115]. A detailed
BICEP2-Planck joint analysis [116] has shown later that
foreground polarized dust emission is responsible for a
large part of the BICEP2 signal, finding no statistically
significant evidence for tensor modes. The most recent
Planck analysis gives a tight upper limit on the tensor-
to-scalar ratio: r0.002 < 0.09 (95% CL) [103].
The BICEP2 claim has triggered many recent studies
of the inflationary paradigm [117, 118]. While the ex-
citement has now cooled down, it is worth stressing that
models of inflation are usually based on scalar fields.
The ‘criticality’ of the SM scalar potential (with the
measured Higgs and top masses) has reopened the vi-
ability of the most economical Higgs-inflation scenario,
where the Higgs field plays the inflaton role [119, 120].
7. Electroweak Effective Field Theory
The non-observation of new states suggests the exis-
tence of a mass gap between the electroweak and new-
physics scales. This can be adequately described with
effective field theory methods [121], writing the most
general Lagrangian with the SM gauge symmetries in
terms of the known light (mΛNP) fields [43]:
Leff = LSM +
∑
D>4
∑
k
c(D)k
ΛD−4NP
O(D)k . (18)
The lowest-order term is the dimension-4 SM, while
low-energy signals of new physics are parametrized in
terms of higher-dimensional operators suppressed by
the corresponding powers of the new-physics scale. The
information on the unknown underlying dynamics is
then contained in the coefficients c(D)k .
The lepton-number violating operator (14) is the only
possibility with D = 5. With a single SM family, there
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are 59 (5) independent operators with D = 6 which pre-
serve (violate) B and L [122, 123]. Although the present
data are not good enough to perform a global analysis
with the full set of operators, interesting constraints on
restricted subsets start to emerge, specially those acces-
sible through electroweak precision tests and Higgs data
[124]. Unfortunately, the number of operators blows
up to 2499 (assuming B and L conservation) when 3-
generation flavour quantum numbers are included [125].
Hints on the flavour structure are clearly needed.
The previous operator counting assumes the SM
Higgs doublet structure. A more general approach, also
valid in strongly-coupled scenarios of EWSB, builds the
effective Lagrangian with a singlet Higgs field, using
only the known global symmetries of the EWSB. The
SM scalar Lagrangian (8) can be rewritten as [121]
LΦ = v
2
4
Tr
[
(DµU)† DµU
]
+ O(H/v) , (19)
where U = exp (i~σ~φ/v) parametrizes the Goldstone
bosons, making manifest the pattern of ‘custodial’ sym-
metry breaking: SU(2)L ⊗ SU(2)R → SU(2)V (LΦ is
invariant under U → gLUg†R with gL,R arbitrary global
SU(2)L,R transformations). The same Goldstone La-
grangian describes pion dynamics in QCD, with the
changes v→ fpi and ~φ→ ~pi.
The Goldstone covariant derivatives generate the W±
and Z masses, which are not necessarily related to the
Higgs field. Since the electroweak Goldstones consti-
tute the longitudinal polarizations of the gauge bosons,
the scattering VLVL → VLVL (V = W±,Z) directly tests
the Goldstone dynamics. With generic HV2 and H2V2
couplings, the tree-level scattering matrix grows as s/v2
at high energies, while one-loop corrections induce a
much worse ultraviolet behaviour s2 log s/v4 [126, 127].
This entails a violation of unitarity, which is only can-
celed if the gauge couplings of the Higgs boson take
exactly their SM values. Any small deviation in the
Higgs couplings would necessarily imply the presence
of new-physics contributions to VLVL scattering in or-
der to restore unitarity. Therefore, the measurement of
σ(VLVL → VLVL) at the LHC is a very important, but
difficult, challenge. The first evidence of W±W± colli-
sions has been recently reported by ATLAS [128], and
used to set limits on anomalous quartic gauge couplings.
8. Status and Outlook
After the Higgs discovery, the SM framework is now
fully established as the correct theory at the electroweak
scale. It successfully explains the experimental results
with high precision and all its ingredients have been ver-
ified. With the measured Higgs and top masses, the SM
could even be a valid theory up to the Planck scale.
However, new physics is still needed to explain many
pending questions for which the SM does not provide
satisfactory answers. A proper understanding of the
vastly different mass scales spanned by the known parti-
cles is missing. The dynamics of flavour and the origin
of CP violation are also related to the mass generation.
The Higgs boson could well be a window into unknown
dynamical territory. Thus, its properties must be ana-
lyzed with high precision to uncover any possible devi-
ation from the SM. The present data are already putting
stringent constraints on alternative scenarios of EWSB
and pushing the scale of new physics to higher energies.
How far this scale could be is an open question of obvi-
ous experimental relevance.
The LHC data are challenging our previous ideas
about naturalness and the TeV scale. The most fash-
ionable new-physics scenarios are now less compelling
than before, making us suspect that Nature has chosen
a quite different path. The upcoming LHC run could
bring unexpected surprises, changing our views on fun-
damental physics. We are awaiting for great discover-
ies; the LHC scientific adventure is just starting.
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